The United States Environmental Protection Agency (USEPA) has established a suite of methods that use coastal invertebrate species as bioassay organisms to test industrial and domestic effluent as well as coastal waters for potential toxicity. Although these methods are used globally, the potential of such toxicity tests has not been adequately explored for South African coastal waters. This study serves to describe a simple, cost-effective and relatively quick testing procedure using the development of Haliotis midae larvae as a bioassay of coastal water quality. This test is based on the sensitivity of these larvae to low concentrations of zinc (Zn). Its performance in a field trial demonstrates not only that this test has the potential to identify coastal waters of poor quality, but also that such identification could be of value in attempts to restock natural abalone populations, which are under extreme pressure from legal and illegal exploitation. Further work in this line should focus on the refinement of the methodology for this and other local species and should aim to contribute to the development of suitable criteria for the management of coastal water quality in South Africa.
Introduction
In many regions of the world, aquatic toxicity test data are routinely used to evaluate risks associated with the discharge of effluents from municipal and industrial treatment works into water bodies. This is in fact a legal obligation in many countries (Wells et al., 1998) . Such tests can provide an indication of the potential toxicity of an effluent to biological communities inhabiting the receiving waters. Alternatively, toxicity tests can be used to evaluate the status of natural environments that might experience the impacts of other anthropogenic activities, such as harbour dredge sediment disposal and non-point source discharges (MacDonald et al., 1997) . The development of scientifically sound protocols for toxicity testing is an extensive process. Not only does it require the identification of suitable candidate organisms, but also the establishment of appropriate and reproducible techniques with which to assess the sensitivity of these organisms to chemicals of anthropogenic origin. Although several workers have described the efficacy of using individual local marine species for toxicity testing purposes (Currie et al., 1974; Greenwood and Brown, 1974; Brown, 1974 Brown, , 1976 Brown, , 1982 Brown and Greenwood, 1978; Airey, 1979, 1982; Brown et al., 1982; Connell et al., 1991) , this work focused on a limited number of species that were exposed to a restricted range of toxicants. The development of robust and generally applicable protocols for the assessment of South African marine and estuarine water quality has not received the attention that it deserves in the recent literature.
The most frequently applied procedure for assessing the toxicity of municipal and industrial effluents discharged to coastal waters in South Africa involves the use of gametes of local sea urchin species. This test, the so-called sea urchin fertilisation or sperm cell test, while widely applied throughout the world (Dinnel and Stober, 1987; Chapman, 1995; Beiras et al., 2001) , has a major limitation in that it provides only an indication of the short-term, acutely toxic effects of the effluent, thereby failing to consider longer-term, chronic (sublethal) impacts. It is for this reason that a battery of bioassays is usually used to comprehensively assess risks associated with the discharge of an effluent to receiving water biological communities. Such experimental arrays use species from a broad range of taxa and sensitivities, and analyse both acute and chronic effects. South African laboratories are in the process of adapting to this philosophy and currently supplement sea urchin gamete tests with longer-term tests, such as based on estuarine amphipods Airey, 1979, 1982) . However, there is still a need to expand upon and refine currently applied tests and test organisms used in South African coastal waters by incorporating as wide a range of different taxa as possible as well as by considering longer exposure periods and different test end-points.
Objectively evaluating the suitability of candidate organisms for toxicity testing purposes requires the comparison of biologically measurable responses (end-points) to a range of concentrations of a common reference toxicant. In this manner, the sensitivity of the various organisms can be ranked, and the most suitable species identified (USEPA, 1995) . To be of practical use in such bioassays, a candidate species, or at least one of its life history stages, should not only be sensitive to potential contaminants, but should also be relatively easy to collect from the field (i.e. abundant) as well as amenable to routine maintenance, culture and rearing in the laboratory (Rand, 1995) . If early developmental stages are to be used, spawning should be readily induced; otherwise gametes should be freely available from the natural habitat.
The larvae of the South African abalone, Haliotis midae L., meet most of the above criteria. Firstly, sperm and eggs are available at regular intervals from abalone-directed mariculture operations, ensuring a fairly regular supply of test material (although supply to the coast of KwaZulu-Natal might be more difficult than elsewhere). Secondly, H. midae larvae are relatively easy to maintain in the laboratory. Finally, larvae of H. midae are lecithotrophic (Leighton, 1974; Genade et al., 1988) , and can thus be used in tests without having to provide food. This has numerous mm internal diameter), each containing 15 ml of the appropriate test solution. To each of these vials, 2 ml of rinsed abalone embryos were added. To establish the proportion of unfertilised eggs introduced to the treatments, a sample was removed from the fertilisation beaker at the start of the experiment and inspected under a dissection microscope.
The test was terminated after 40 h, using a 20% formalin solution to arrest larval development. Because the operculate veliger stage [as classified by Leighton (1974) ] was considered to be the end-point of this test, specimens that failed to fully develop a primary shell were assumed to have been negatively affected by one or more factors. For each replicate, the sensitivity of H. midae larvae to the test solutions was measured in relation to the proportion of fertilised eggs that had developed into operculate veligers. This was accomplished by noting the proportion of unfertilised eggs, early veliger larvae and operculate veligers among the first 100 randomly collected eggs or embryos encountered during microscopic examination of samples from each replicate. Wherever fewer than 100 eggs/embryos were added to a replicate, all were examined. The test thus assesses the development rate of larvae, rather than mortality.
Field application of the test
To assess the performance of the toxicity test under field conditions, the relative sensitivity of H. midae larvae to coastal waters that we perceived to be of poor quality was determined. Samples of such waters were collected from five sites within the Port Elizabeth Harbour that were of concern to the National Ports Authority of South Africa's (NPASA) Environmental Management Office. These samples were collected from 0.5 m below the water surface at: the Tanker Berth; the Don Pedro Jetty; the Eyethu Jetty; the Old Naval Jetty and Quay One, which is a container loading depot (Fig. 1) . Because harbour water quality is highly variable in space and time (Ndlovu, 2001 ), using such water sources provides a reasonable preliminary appreciation of the lower range of water qualities that might be encountered in nature. Toxicity testing was conducted as before, but with 15 ml of harbour water in place of the reference toxicant.
Data analysis
Comparisons among proportions of H. midae larvae reaching the operculate veliger stage within the test period in different test solutions were made using one-way ANOVA. Proportion data (percent operculate veliger stage larvae) were normalised by arcsinetransformation prior to performing ANOVA (Zar, 1999) . Where appropriate, Student-Newman-Keuls post hoc tests where used to identify differences in larval development rate among treatments. To investigate the relationship between the success with which the test end-point was reached and the concentration of the reference toxicant, a concentration-response curve was constructed using BenchMark Dose Software (Freeware available at http://epa.gov/ ncea/bmds.htm). The continuous Hill formulation was selected, because it models a measure without regard for "adversity". This was important, because the response variable used here measured the number of individuals assumed to be unaffected by the toxicant, rather than those affected, as is the case in most of the other model options. Data input to the model were the number of replicates per treatment and the mean proportional occurrence of the test endpoint, with its attendant standard deviation. Because zero-responses caused computational errors, all response data were transformed by adding 1 x 10 -6 .
Results
The reference toxicant test procedure satisfied all test acceptability criteria defined by the USEPA (Table 1) . Consequently, complete analyses of the results were justified. Because no operculate veligers were observed in the 100 µg·l -1 Zn treatment, these data were excluded from ANOVA. The proportion of H. midae larvae reaching the test end-point in the remaining reference toxicant solutions differed significantly among all treatments (ANOVA: F = 222.518; DF = 3, 16; p < 0.001), with only one exception: the control and 10 µg·l -1 Zn treatment did not differ (Student Newman Keuls: p > 0.05).
The relationship between the toxicant concentration and the corresponding development success was appropriately modelled by the Hill function (Fig. 2 ). This fitted model suggests that the proportion of fertilised eggs reaching the operculate veliger stage relative to that of the control would halve (EC50) at a toxicant concentration of 12.9 µg·l -1 Zn. 
USEPA criteria H. midae response
Mean larval normality must be at least 80% in the control. 80% normality The response from the 56 µg·l -1 treatment must be significantly different from the control. p < 0.001 The minimum significant difference (% MSD) is <20% relative to the control for the reference toxicant.
MSD < 20%
Figure 2
The fitted dose-response curve illustrating the relationship between the success with which the test end-point was reached and the concentration of the reference toxicant. Model formulation and relevant statistics are included as an inset; error bars indicate standard deviation input to the model. Available on website http://www.wrc.org.za
The field trial of the toxicity test revealed significant differences among the treatments (Fig. 3) . Larval response to the water samples from the Eyethu and Old Naval Jetties did not differ from those in the control. However, development success was significantly lower in water from the Don Pedro Jetty, and lower still in waters from Quay One and the Tanker Berth (Fig. 3) .
Discussion
The results of the present study demonstrate that H. midae larval development has the potential to serve as a useful bioassay for toxicological testing of South African coastal waters; not only were larvae sensitive to the reference toxicant, but they also demonstrated sensitivity to water samples of impaired quality collected from the field. Although the reference toxicant test procedure satisfied all test acceptability criteria defined by the USEPA (USEPA, 1995), it is apparent from the fitted concentration-response curve that the serial dilutions of the reference toxicant spanned too wide a range of concentrations. These concentrations were based on USEPA (1995) recommendations for testing with H. rufescens larvae.
Results of the present study suggest that H. midae larvae are considerably more sensitive to the Zn reference toxicant than H. rufescens larvae, the latter showing a Zn EC50 of about 44 µg·l -1 (Hunt et al. 1998 ). Future development of the H. midae larval toxicity test should thus focus on lower Zn concentrations, centred on 12.9 µg·l -1 Zn. The response of H. midae larvae to water samples collected from the Port Elizabeth Harbour confirmed that water in some parts of the harbour was of a low quality, and that water quality is highly variable over small spatial scales. Whereas water at the Eyethu and Old Naval Jetties was not measurably detrimental to H. midae larvae, development rates in the water samples collected from the other stations were significantly slower. Significantly fewer operculate veligers were found in water samples from the Don Pedro Jetty, while the quality of the water in samples from both the Tanker Berth and Quay One was so poor that very few larvae were able to reach the operculate veliger stage within the test period. The reason for these differences is uncertain. Potential explanations notwithstanding, the water quality of the Tanker Berth and Quay One should be viewed with some concern from an environmental management perspective. Harbours are open systems and are under the direct influence of tidal pulsing. If water quality is not maintained at reasonably high levels, adjacent marine ecosystems might be exposed to contamination. This is of particular concern around the Port Elizabeth Harbour due to the proximity of popular recreational beaches, diverse rocky reefs and mariculture operations (Fig. 1) . While the above discussion pertains to the Port Elizabeth Harbour only, it is clear that this test also represents a useful and easily applicable method for determining the suitability of coastal waters for the introduction of abalone by agencies attempting to enhance local stocks. This is important because local stocks of this valuable commodity are severely depleted (Tarr et al., 1996; Tarr, 2000) and research efforts are currently being channelled into developing methods to restock areas that have low adult abundance and high exploitation rates (Cook, 1998; Sweijd et al., 1998; Mayfield et al., 2001) . Unsuitable habitats for reintroduction could be simply identified by larval development rates significantly lower than those in 1µm filtered natural seawater. Should water quality not be suitable for the larvae, further expenditure need not be incurred in investigating other features of a site, because any environment that cannot maintain reproductive processes of a species also cannot sustain viable populations in the long term.
Although the data from the present study indicate that H. midae larvae are well suited to use in toxicity tests, this should be viewed as only the first of many stages in the development of this specific test. Future research in this respect should focus on: the effects of rearing temperature on developmental rate and response to the reference toxicant; potential differences in response between spatially separated populations of H. midae; and the reproducibility of the test procedure under laboratory conditions. This should be supported by the development of an array of bioassays for coastal water quality using additional candidate organisms.
Figure 3
Comparison of the proportion of fertilised eggs reaching the test end-point in water samples from various sites within the Port Elizabeth Harbour. Relevant statistics are included as an inset, error bars indicate standard error (n = 5) and horizontal lines demarcate homogenous groups, as indicated by SNK post hoc tests.
